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Mercury exists in trace amounts in fossil fuels1.  Through combustion, mercury 

vapor can be released to the atmosphere, where it can remain aloft for months2, 

spreading over vast regions of the globe3.  Once the mercury has deposited on land 

or water, it can be transformed4 by microbial into methylmecury.  Mercury 

poisoning from the exposures to methylmercury in fish have been documented5.  

Among human activities, coal fired power plants represent a major mercury 

emission source6,7.  Today, however there is no commercially available technology 

that can consistently and cost-effectively capture mercury from coal-fired power 

plants6,8,9.  Here we report a new approach involving the use of bromine gas (Br2) to 

rapidly and selectively oxidize trace amounts of elemental mercury (Hg0) in the 

presence of a relatively large quantity of SO2, NO, and/or CO in the flue gas.  The 

oxidized mercury and the unreacted Br2 can subsequently be captured by alkaline 

solutions in a wet SO2 scrubber.  A preliminary cost estimate of this new approach is 

very favorable. 
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Regulations on mercury emissions from coal-fired power plants are imminent.  Although 

technologies for the control of mercury emissions on sources such as waste incinerators 

are available, they cannot be readily applied to coal-fired power plants as the flue gas 

conditions are different8.  A large amount of work10-13 is under way to design and develop 

new systems for the control of mercury emission from coal-fired power plants, but to date 

none has been shown to provide widely effective control at acceptable cost6,8,14.   

Mercury exiting the stack of coal-fired boilers, on the order of several parts per billion 

(ppb), is primarily gas-phase elemental (Hg0) and oxidized forms, with a small fraction 

present in the particulate phase15.  It has been demonstrated16 that wet SO2 scrubbers can 

remove oxidized mercury quite efficiently but have little or no effect on Hg0.  Attempts17-

19 have been made to increase the oxidized fraction of mercury in the flue gas, but so far 

none has been found satisfactory due to high cost, slow oxidation rate, and/or lack of 

selectivity in the oxidation.    

Kinetic studies of some gaseous reactions of Hg0 have been performed mainly in the 

interest of understanding its atmospheric transport and chemistry20-23.  It is recognized 

that rate determination is difficult because Hg0 easily adsorbs on solid surfaces and the 

extent of the adsorption is dependent on concentration, temperature, and surface 

properties, as well as flow rate.  In the study reported here, cold vapor atomic absorption 

spectroscopy (CVAAS) was used to study the reaction of Hg0 with Br2 under the effect of 

various flue gas compositions.  The reaction was performed in a 330 ml Pyrex double-

jacket thermostat cell equipped with two quartz windows having an optical path of 15 

cm.  The kinetics was performed using the absolute rate technique under pseudo-first-

order condition with respect to Hg0.  Initially, the reaction cell was evacuated by a 

vacuum system.  Then, 254 Torr of nitrogen was introduced into the cell.  A known 

concentration of Hg0-saturated nitrogen with or without SO2, NO, H2O, and/or CO was 

expanded into the cell to reach a pressure of 380 Torr.  The Br2 in nitrogen was then 
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introduced into the cell to a pressure of 508 Torr before the pressure was quickly brought 

to 760 Torr by adding nitrogen.  The Hg0 concentration was monitored at 253.7 nm 

continuously by CVAAS during the course of the reaction. 

Care was taken to study the wall effect; however, the Hg0 adsorption rate observed on the 

wall was small (Fig. 1) compared to the Hg0 oxidation rate by Br2 under all conditions 

employed.  The reaction rate of Hg0 with Br2 appeared to exhibit a gradual increase with 

successive runs.  The acceleration of the rate could be attributed to the enhanced 

adsorption of Hg0 on the mercuric bromide particulate that accumulated on the cell wall.  

The reaction rates were in good agreement within experimental uncertainty, if the cell 

was carefully cleaned prior to each run. 

Fig. 1 shows the results of time dependent Hg0 oxidation rate by Br2 under various gas 

compositions at 21○C and 50○C.  The initial concentrations of Hg0 and Br2 were 0.18 ppm 

and 17 ppm, respectively.  The half life (50% conversion) of Hg0 with Br2 in nitrogen 

was about 11.7 sec.  The presence of 3000 ppm SO2 only slightly inhibited the Hg0 

oxidation rate, increasing the half life to 13.8 sec.  This increase is attributed to the 

concurrent reaction24 of Br2 with SO2.  There was no detectable change in Hg0 oxidation 

rate with 200 ppm NO in the gas.  The reaction of Br2 with NO is slow because it 

involves a three-body collision process25.  Unexpectedly, we found that CO increased the 

Hg0 oxidation rate by Br2.  The Hg0 half life decreased to 5.5 sec in the presence of 40 

ppm CO.  The oxidation rate of Hg0 by Br2 in a simulated flue gas containing 3000 ppm 

SO2, 200 ppm NO, and 40 ppm CO was also studied.  The half life of Hg0 was measured 

to be 5.5 sec at 21○C and 3.0 sec at 50○C.  The CO appeared to exert a major role in the 

oxidation of Hg0 by Br2 in a simulated flue gas. 

Fig. 2 summarizes the rate constant and the apparent rate constants of the reaction of Hg0 

with Br2 under various conditions.  The rate constants were calculated from the kinetic 
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measurements, such as those shown in Fig. 1.  Each point represents an experimental run 

at the specific condition indicated.  The average reaction rate constant determined for Hg0 

with Br2 in nitrogen was 1.3x10-16 cm3/molecule-sec at 21○C and 1.7x10-16 cm3/molecule-

sec at 50○C.  The apparent reaction rate constants of Hg0 with Br2 at 21○C were 1.1x10-16, 

1.3x10-16, 2.7x10-16, and 1.2x10-16 cm3/molecule-sec with 3000 ppm SO2, 200 ppm NO, 

40 ppm CO, and 24 Torr of H2O vapor, respectively.  The apparent rate constant of the 

reaction of Hg0 with Br2 in a simulated flue gas composition, containing 3000 ppm SO2, 

200 ppm NO, 40 ppm CO, and the balance nitrogen was 2.7x10-16 and 5.2x10-16 

cm3/molecule-sec at 21○C and 50○C, respectively.  We have also determined the 

oxidation rate constants of Hg0 with Cl2, I2, and HNO3 at 21○C to be 2.6x10-18, 7.3x10-16, 

and 1.1x10-19 cm3/molecule-sec, respectively.  The Cl2 and HNO3 are not effective.  

Although the rate constant with I2 is large, its low solubility, high reagent costs, and lack 

of selectivity in oxidation diminish its usefulness. 

The fate of un-reacted Br2 and its reaction products in flue gas must be addressed.  Br2 

hydrolyzes rapidly to form hydrogen-bromide (HBr) and -hypobromite (HBrO) upon 

contact with aqueous solutions in SO2 scrubbers.  However, the reaction products include 

mercuric bromide (HgBr2), sulfuryl bromide24 (SO2Br2), and possibly nitrosyl bromide25 

(NOBr).  The SO2Br2 hydrolyzes26 to form HBr and sulfuric acid (SO3●H2O).  The NOBr 

is unstable26 and decomposes to yield NO and Br2.  All of the aforementioned products 

are in relatively small quantities, are highly water soluble, and will be captured in wet 

SO2 scrubbers to form the corresponding alkaline salts.  It is expected that compliance 

with current and proposed USEPA emission standards 27, 28 can be readily achieved.  

The removal efficiency of the mercury and the cost of its removal are two major 

considerations for the implementation of a technology.  An estimate of the removal 

efficiency and cost is underway.  We assumed6,9 that flue gas contains 3 ppb of mercury 

with 60% of which initially in Hg0 and 40 % in oxidized form and that 90% removal 
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efficiency of the oxidized mercury by a wet SO2 scrubber is achieved.  The percentage of 

Hg0 oxidized depends on the rate constant, reaction time, and Br2 concentration 

employed.  The rate constants of Hg0 with Br2 that we measured ranged between 1.0x10-

16 and 5.2x10-16 cm3/molecule-sec, depending on the gas composition and temperature 

(Fig. 2).  The flue gas composition and conditions vary from plant to plant.  In this 

estimate, we used a rate constant of 2x10-16 cm3/molecule-sec.  Typically, flue gas from 

the burner of a coal-fired power plant passes sequentially through a super heater, 

economizer, air heater, and ESP/baghouse before entering a wet SO2 scrubber.  Here, we 

consider the case when Br2 is introduced to the flue gas at the air heater.  The flue gas 

residence time is 0.5 sec - 1 sec in the air heater and 8 sec - 15 sec in an ESP or baghouse.  

Therefore, a total reaction time of 8.5 to 16 sec is available.  The mercury removal 

efficiency was calculated with four Br2 concentrations: 20, 30, 40, and 50 ppm.  Fig. 3 

shows that the removal efficiency increases with the increases of the reaction time and 

Br2 concentration.  A 70 % removal efficiency can be achieved in 10 sec with 20 ppm 

Br2, but in only 3.7 sec with 50 ppm Br2.  An 80 % removal efficiency can be obtained in 

10.8, 8, and 6.2 secs with a Br2 of 30 ppm, 40 ppm, and 50 ppm, respectively.  The 

mercury removal efficiency shown here would increase if the removal efficiency of the 

oxidized mercury by wet SO2 scrubbers is larger than the assumed 90%.  The cost of 

mercury captured is dependent on the amount of Br2 used.  Longer reaction time leads to 

a higher fraction of Hg0 oxidized for a given Br2 concentration.  For a Br2 cost29 of 

$0.6/lb, 20 ppm Br2, a 15-second reaction time, and an overall removal efficiency of 

80%, it would cost approximately $4,000 per pound of mercury removed.  If only an 8-

second reaction time is available, 40 ppm Br2 would need to be used for an 80% 

efficiency, doubling the cost to $8,000 per pound of mercury removed.  Currently, 

powdered activated carbon (PAC) injection is the most promising method as a near-term 

mercury control technology despite some unsettled issues14.  Baseline cost estimate14 for 

PAC technology are in the range of $50,000 to $70,000/lb mercury captured.  Therefore, 
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the cost of the Br2 oxidation approach is approximately an-order of magnitude cheaper 

than that of PAC.  Scale-up test is warranted to demonstrate the technology for 

commercialization. 
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Figure captions 

Fig. 1.  Conversion of elemental mercury to oxidized mercury by Br2 under various gas 

compositions at 20○C, except the one in a simulated flue gas at both 21○C and 50○C. 

Fig. 2. Rate constants of Hg0 with Br2 under various conditions:  Experiments used 0.18 

ppm Hg0 and 17 ppm Br2, except B and C using 34 and 51 ppm Br2, respectively.   

Additional gases are 40 ppm H2O in E; 24 torr H2O in F; 2000, 3000, and 5000 ppm SO2 

in G,H, and I, respectively; 200 ppm NO in J; 3000 ppm SO2, 300 ppm NO, and 40 ppm 

H2O in K; 40, 60, and 200 ppm CO in L, M, and N, respectively; 3000 ppm SO2, 60 ppm 

CO, 300 ppm NO, and 40 ppm H2O in O and P.  D and P at 50○C, otherwise at 21○C. 

Fig. 3.  Mercury removal efficiency as a function of reaction time using 20, 30, 40, and 

50 ppm Br2. 
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